Physics beyond the Standard Model could be measured indirectly, through its effects on Standard Model observables. One place to look for such effects is in the semileptonic decays of B mesons. In order to constrain the possible role of new physics on semileptonic B decays, we present the most general low energy effective Lagrangian constructed from all dimension six four-fermion operators that contribute to the process b → cℓν ℓ . We then use it to compute the corrections due to new physics to the differential decay rates for the exclusive processesB → D ( * ) ℓν ℓ , as well as the inclusive decaysB → X c ℓν ℓ . Both inclusive and exclusive rates are expressed in terms of a set of parameters that characterize the types of four-fermion interactions that can be induced by physics beyond the Standard Model. Although it is not particularly useful to carry out a full analysis until data from the next generation of B factories becomes available, here we illustrate how the existing experimental results can be used to constrain some of these parameters. *
I. INTRODUCTION
Despite the fact that the Standard Model successfully accounts for most of the observed experimental results (see [1] for a review), it is incomplete, and must be replaced by a more fundamental theory at some high energy scale. Whatever form physics at a higher scale might take, it will generate low energy effective couplings that contribute to Standard Model processes. These couplings provide the opportunity to search for signatures of new physics indirectly, by measurements of the deviation of experimental observables from their Standard Model predictions.
Rather than compute the effect of physics beyond the Standard Model within the framework of a specific model, our ignorance dictates that we include all effective interactions consistent with the symmetries of the Standard Model. The resulting observables are expressed in terms of the parameters of the generalized interaction, which can be constrained by the experimental data. Since these parameters characterize the most general interaction, their experimental bounds can be used to rule out or guide in the construction of specific models.
Anticipating the precision data from the upcoming generation of B factories, one place to look for the effects of new physics is in observables related to B meson physics. Therefore, in this paper we set up a parametrization for a set of observables associated with semileptonic B decays into charmed mesons. Specifically, in Section II we construct the low energy effective Lagrangian for the process b → cℓν ℓ induced by new physics. We do so by including all the dimension six, four-fermion Lorentz scalars that contribute to the process, but excluding higher dimension operators. We also introduce a set of real parameters bilinear in the coupling constants of this effective Lagrangian. These parameters can be used to characterize the low energy effects of the new physics.
Using the generalized interaction of Section II, we then calculate at leading order in HQET [2] [3] [4] the contribution from new physics to the differential decay rates forB → Dℓν ℓ andB → D * ℓν ℓ . The results for these observables, expressed in the parametrization of Section II appear in Section III and Section IV respectively. The parametrization of
Section II also appears when we consider the corrections induced by physics beyond the Standard Model on the inclusive semileptonic decay of B mesons into final states containing a c quark,B → X c ℓν ℓ . In Section V, these deviations are calculated at leading order in perturbation theory, which is justified for m b ≫ Λ QCD [5] . In Section VI we use the results of the previous sections to discuss briefly the constraints which the existing experimental data imposes on the parametrization of Section II.
Finally, we note that new physics effects on observables related to b → cℓν ℓ have been studied extensively for restricted types of non-Standard model interactions. The decays B → Xℓν ℓ (specially for decays into τ -leptons) have been used to constrain classes of models with scalar interactions [6] [7] [8] [9] [10] [11] [12] , such as those which arise in models with extended Higgs sectors. Other constraints on such types of models have also come from observables related to the exclusive decaysB → Dℓν ℓ [13] [14] [15] as well asB → D * ℓν ℓ [13, 14, 16] . The process b → cℓν ℓ has also been used to analyze possible vector and axial vector couplings beyond the Standard Model V − A. In particular, model-independent analyses of right-handed b → c quark current contributions to B → Xℓν ℓ andB → D * ℓν ℓ were performed in [17, 18] . These were motivated by an extension of the Standard Model, the Left-Right Symmetric model [19] , which contains gauge bosons that couple to right-handed fermions. Also inspired by this class of models were [13, 20] , who constructed observables based on the exclusive decays B → D ( * ) ℓν ℓ in order to constrain right-handed vector couplings. The combined effects of non-Standard Model scalar, pseudoscalar, vector, and axial vector interactions were studied in [21] within the context of CP violating polarization observables related toB → Dτ ν τ andB → D * ℓν ℓ .
II. DEFINITIONS
Our starting point for the calculation of semileptonic B decays to charmed mesons is the following interaction Hamiltonian:
H SM is the effective V − A Hamiltonian which mediates the Standard Model Weak interaction process b → cℓν ℓ for energy scales much less than m W . The second term represents the low-energy effective interaction generated by new physics at some energy higher than m W . Rather than adopt a particular model for this new physics, we include all the lowest dimension operators which contribute to b → cℓν ℓ at tree level and which also respect the Lorentz and gauge invariance of the Standard Model. These are the dimension six four-fermi operators which appear in Eq. (1) . One way to organize their contribution [22] is to sum the index γ over S, V, T, with
while projecting the b-quark and lepton ℓ into fields of definite chirality (respectively denoted by b µ and ℓ ǫ , with µ, ǫ ∈ {L, R}) and summing over all values of µ, ǫ. Given γ, the chirality of the c quark is fixed by µ, and the chirality of the neutrino field ν ℓ is fixed by the value of ǫ. Note in particular that we are including operators which contain a right-handed neutrino field. These occcur for γ = S, T and ǫ = L, or γ = V and ǫ = R.
The complex coefficients g Only certain real combinations of these coupling constants will appear in the expressions for the calculated observables. To first order in g γ µǫ , we have
which in principle could be present even in the abscence of a right-handed neutrino. However, the last three of these can only appear for non-zero lepton mass. We expect these five parameters, which arise by interference with H SM , to give the most significant contribution to signals of new physics. Eq. (3) includes only the interference with the leading order part of the Standard Model term. In reality, it should be modified by higher order Standard
Model effects (such as radiative corrections), which we ignore here.
The remaining parameters are second order in the g γ µǫ and are suppressed in comparison to the previous set. We classify them by the following types:
• Scalar-scalar:
• Vector-vector:
• Tensor-tensor:
• Scalar-tensor
• Scalar-vector (only appear for non-zero lepton mass):
• Tensor-vector (only appear for non-zero lepton mass):
III.B → Dℓν ℓ
As in [4] , we write, in the rest frame of theB-meson:
where p D is the D three-momentum in theB rest frame, θ is the angle between the lepton and the D meson in the rest frame of the 'virtual W -boson,' (i.e, the frame in which p B = p D ) and
|H ± | 2 and |H 0 | 2 are helicity amplitudes, which we decompose as:
0 .
In these expressions, H we find for the interference tems:
and
Likewise, the second order terms are
where ∆ m ± and ∆ m 0 represent corrections due to non-zero lepton mass (which are only nonnegligible for decays into τ -leptons):
IV.B → D * ℓν ℓ
As in the previous case, we write in theB rest frame
The kinematic variables p D * , θ and q 2 are defined as before (just replace D with D * in the definitions of the previous section). Also as before, we separate the helicity amplitudes as
Once again, the interference terms only take into account the leading order part of the Standard Model amplitude. Calculating these as well as the second order terms by matching hadronic matrix elements onto HQET ones (neglecting O(α s ) or O(1/m Q ) corrections), we find:
The second order terms are
with the following corrections due to the effects of a non-zero lepton mass:
V.B → Xℓν ℓ
Starting from the operator product expansion (OPE), it can be shown that in the limit m b ≫ Λ QCD the inclusive semileptonic B decay rate is equivalent to the perturbative quark level b decay rate [5] . This makes it possible to calculate the effects of new physics on the inclusive decayB → X c ℓν ℓ directly from Eq. (1), by calculating the rate for the quark level process b → cℓν ℓ . We write the differential decay rate as
where q 2 = (p b −p c ) 2 and E ℓ , E ν are the b quark rest frame energies of the lepton and neutrino respectively. Eq. (26) is not meant to imply that the differential rate is a contribution from three distinct processes. Instead, we are merely decomposing the observable into a piece arising solely from Standard Model physics, an interference term, and a term that is second order in the new physics. At present, nonperturbative corrections to the Standard Model term are known to order (Λ QCD /m b ) 3 [24] , while only the part proportional to α 
and y = E ℓ /E ℓmax with E ℓmax = (m 
which, as in the exclusive decays, includes only the interference with the leading order Standard Model contribution. The remaining contributions are of second order in the new physics:
Integration of these expressions over E ν is trivial. Performing the q 2 integral over its physically allowed region gives the lepton spectrum
where
is the q 2 integral of Eq. (28) and
is that of Eq. (29) . In these last two expressions, the coefficient functions are defined by:
VI. DISCUSSION
Any effects of physics beyond the Standard Model should become more apparent with the improved data from the next generation B factories, some of which are scheduled to go on line in the near future. Therefore, a detailed extraction of our parametrization of new physics should await these results. For completeness, however, we will use the formulas derived in the previous sections together with the existing data to obtain bounds on some of the parameters of Section II. Our analysis is only meant to be illustrative and therefore
should not be taken too seriously.
One place to look for constraints on the parametrization of Section II is in the extraction of |V cb | from the exclusive decaysB → D ( * ) eν e . Because in the zero recoil limit (w → 1), the O(1/m Q ) HQET corrections toB → D ( * ) ℓν ℓ vanish [26] , and because ξ(1) = 1 [2] , these observables provide a theoretically clean way of extracting the CKM matrix element |V cb | from experiment [27, 28] . In the abscence of new physics, we expect the value of |V cb | obtained fromB → Deν e to agree with that from the decayB → D * eν e . Therefore, a discrepancy between the two measurements of |V cb | could be used to put constraints on the parametrization of Section II.
Integrating Eq. (10) and Eq. (18) over cos θ, and making a change of variables from q 2 to w, the exclusive decay rates can be written in the form [4] 
where r = m D /m B and r * = m D * /m B . From the results of Section III and Section IV, we find
Note that although the decay rate forB → Deν e is well-behaved at w = 1, the quantity F D (w) actually has a pole there. This is only because the scalar contribution to the decay rate (the terms involving α and α ′ ) vanishes more slowly than (w 2 − 1) 3/2 as w → 1. In fact, the observation of this behavior as w → 1 in the experimental data for F D (w) could be seen as evidence for the possibility of scalar contributions to the process b → cℓν ℓ .
We expect the second order parameters in Eq. (38) and Eq. (39) to be suppressed by a factor of (m W /M) 2 in comparison to the interference terms. Ignoring their contribution, we find in the zero recoil limit:
The CLEO Collaboration has used data on the exclusive decayB → Deν e at zero recoil to extract |V cb |F D (1) = 0.0337 ± 0.044 ± 0.048
−0.0012 [27] . From the data onB → D * eν e , it has also found |V cb |F D * (1) = 0.0351 ± 0.0019 ± 0.0018 ± 0.0008 [28] . If we neglect O(1/m
D * (1) = 1 (the 1/m Q corrections vanish automatically by Luke's theorem [26] ). Eq. (40) then reads 0.96
which to lowest order in the parameters, gives β
In [29] , the Standard Model O(1/m 3 b ) corrections to the theoretical value of R 1 are estimated to be
wherem B = (m B + 3m B * )/4 is the spin-averaged B meson mass, which we take to bē m B = 5.31 GeV [30] . Assume that the first three terms of this equation are fixed by the valuesΛ = 0.39 GeV, λ 1 = −0.19 GeV 2 , λ 2 = 0.12 GeV 2 of [29] . The term involving ρ 1 has larger uncertainty. Varying it between ρ 1 = 0 and the estimated value ρ 1 ≃ (300 MeV) 
